Resumo
INTRODUCTION
The adoption of different sources of renewable energies is linked to environmental, social and economic sustainability issues, as well complementary of non-renewable energies.
Considering the fact that biodiesel has physical properties similar to petroleum diesel, and for strategic reasons, many countries around the world are exploring and using biodiesel commercially, mixed with petroleum diesel, such as USA, Japan and India (LIN; LIN; HUNG, 2006; SANTACESARIA et al., 2012) . Even with a higher production cost than petroleum diesel, many governments subsidize their production. In Brazil, for example, was established the percentage of 8% of biodiesel in commercial diesel mixture. This way, different sustainable sources of liquid fuels, such as biodiesel, have been the subject of incorporation studies into public policies, where biofuels production plays a significant role (SORDA; BANSE; KEMFERT, 2010) .
The biofuels (ethanol and biodiesel) scene in Brazil have stood out by reasons currently wellknown: economic arguments, including the oil price oscillation in the last thirty years; the aid that biodiesel causes in the international commercial balance, through the reduction of petroleum derivatives imports, besides the improvement of final products value, by not exporting fresh grains, crushing and producing oil and bran that is used inside the country; environmental arguments, such as reduction of pollutants emissions (like sulfur and carbon monoxide) and the greenhouse effects attenuation and social arguments, such as the opportunity to reduce regional inequalities. These arguments contribute to the introduction of biodiesel into the Brazil's energy matrix, by the creation of the National Program of Production and Use of Biodiesel (PNPB). These issues have led researchers to study alternative fuels production from renewable energy sources, that are environmentally acceptable.
The present article, therefore, aims to show an analysis of soybean, canola, sunflower and corn crops as raw materials for biodiesel production, considering each stage of the production process and analyzing the performance and efficiency of each stage.
It was used the non-parametric technique known as Network Data Envelopment Analyzes (DEA) because of its ability to obtain trustworthy results, with the possibility of comparisons between several units, providing reliable information about its performance. Thus, an application of the DEA methodology was carried out to evaluate the biodiesel production efficiency in laboratory scale.
Biodiesel
Biodiesel is a biodegradable, non-toxic fuel, derived from renewable sources such as vegetable oils and animal fats (MATH; PREM; CHETTY, 2010), being produced from the transesterification and/or esterification of vegetable fats or greases (ANP Resolution n 45 from 08/25/2014; SILVA et al., 2015; COSTA, 2006) .
Biodiesel is perfectly miscible to diesel oil, physically and chemically similar to it and can be used in diesel-cycle engines without the need for any adaptations (LORA; VENTURINI, 2012; XIE; LI, 2006) . The use of biodiesel come with a wide range of technical and safety advantages and is therefore an excellent alternative to petroleum diesel.
The oils and fats are basically formed by triglycerides (REDÁ; CARNEIRO, 2007) 
DEA Network-Data Envelopment Analysis
The Data Envelopment Analysis (DEA) is a non-parametric technique that uses mathematical programming to evaluate the relative efficiency of productive units (also called DMUs -decisionmaking units). It was developed by Charnes, Cooper and Rhodes (1978) , starting from the concept of efficiency developed by Farrell (1957) .
The DEA model takes into account that the DMUs are subject to homogeneous production processes. The basic principle is to calculate and compare the performance of these units, with perform similar tasks, considering the relationship between the weighted sum of what is produced and the resources consumed by the evaluated unit, taking into account all the others DMU in the sample.
Traditional DEA models evaluate the performance of each DMU, considering the production as a "black box" where inputs / inputs are transformed into outputs / products. In many applications, a DMU is composed of several processes, which correspond to several levels or production stages.
The DEA network establishes relationship flows between the variables and generates a score of total efficiency, as well a score for each dimension or process that develops inside each DMU (divisional score) (DE CASTRO LOBO et al., 2010) . When the internal structure of a system is considered, the exogenous inputs can be used directly by all the processes, and the outputs of each process can be the final results of the system or the intermediary products to be used by other processes in the production.
In order to incorporate the interaction between the stages, Kao and Hawang (2008) CHARNES; COOPER; RHODES, 1978), used to avoid division by zero.
The internal stages efficiencies are obtained dividing the sum of the respective inputs products and their multipliers by the sum of the outputs product and their multipliers.
Denoting by , the optimal weights provided by the model, it is possible to obtain the efficiency indices described by the Equations 9 to 12:
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According to Gomes Júnior et al. (2014), for a unit to be efficient in Network DEA models, it must be efficient at each stage. Thus, it may not occur a fully efficient DMU.
METHODOLOGY
It was used the Network DEA presented by Kao and Hwang (2008) , considering the production process and the sub processes separately, in different stages, aiming to compose the efficiency of the biodiesel production process in the laboratory. In relation to the raw materials, it was not necessary to make any pre-treatment, since they presented adequate conditions for the reaction of transesterification. With the raw materials free from impurities, the production of biodiesel started.
The biodiesel obtaining process initiated by taking the raw material to a becker and heating to 60C in the greenhouse. The volumes chosen for the production of biodiesel with canola, sunflower, corn and soybean oils were: 50ml, 100ml, 200ml and 400ml, totaling 16 DMU's.
In another becker was added methanol (corresponding to 30% of the oil volume) added with NaOH catalyst (which corresponds to 1% of the oil volume). The mixture was placed in contact with the mechanical stirrer until the catalyst dissolved completely.
When the oil reached 60°C and the catalyst has dissolved, the oil was poured into the alcohol and the solution was kept for 60 minutes, at 60°C of temperature and with constant stirring. At the end of the reaction, the mixture was placed in a separating funnel, where rested for 24 hours in order to separate the glycerin. The glycerin and dirty biodiesel were removed and measured. Then, the biodiesel washing procedure was started. The glycerin produced was stored in a glass vial. After the glycerin decantation, it was removed and the methyl esters were washed in the same funnel using hydrochloric acid (0.5% of the volume of dirty biodiesel) and deionized water at 50°C, at the rate of 30% of water for dirty biodiesel. Posterior of the water and acid addition, the stirring was carried out to promote a better impurities removal (unreacted alcohol, catalyst and soaps formed during the reaction). Subsequently, water and biodiesel were separated by decantation.
The water was the densest phase and migrated to the bottom of the funnel, while the biodiesel remained at the top. After twenty minutes (time for separation of the two phases), the impure water was removed and then discarded. The washing procedure was performed three times. After washing, the biodiesel was oven dried at 105°C for two hours, this way all the water was evaporated.
For the mathematical formulation, the model was separated in three stages for the first process (biodiesel production). The initial input variables were oil (ml), alcohol (ml), catalyst (g), and glycerin (ml).
This study aims were to evaluate the efficiency of biodiesel production, therefore, the glycerin was treated as an undesirable output. The undesirable output can be incorporated into the DEA models according to four main approaches, as discussed in Scheel (2001) . In this study, was chosen to consider the undesirable product as an input. Gross or dirty biodiesel (ml) is a first step output and also an intermediate output.
In the second step, which is the biodiesel washing, the input variables are: crude or dirty biodiesel (ml), deionized water (ml) and hydrochloric acid (HCl) (ml). The second output of the process is the washed biodiesel (ml), also considered an intermediate output.
Finally, at the third step, the washed biodiesel (ml) is an input and the final output is the dried and filtered biodiesel (ml). The model allows to calculate each stage efficiency level of production.
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Where ' ' are the variables multipliers ' ', respectively.
' ' is the number of variables at the first stage, 'd' is the number of exogenous inputs in the second stage and 'j' is the DMU total number.
The individual efficiencies of the DMU in stages 1, 2 and 3 are given by Equations 20, 21 e 22 respectively, while the overall efficiency is calculated by the inverse of the score obtained by the software LINDO, i.e. (due to the output orientation). This procedure was adopted because the model has exogenous inputs in the second stage, thus it is no longer multiplicative.
The LINDO 6.1 software was used for data analysis processing of the Network DEA model. 
RESULTS AND DISCUSSION
The results of the application are shown at the Table 1 . The second column identifies the DMU in analysis, i.e. the oils and volume variation of these oils: soy (S), canola (A), sunflower (F), and corn (C). The following columns present the efficiency values obtained in each phase as well as overall efficiency. In order to find the efficiency scores of each stage, it was used the equations 3.1 to 3.3. Although for the global score it is not possible to use the equation 3.4, because since the applied model has exogenous inputs in the second stage, it is no longer multiplicative. For this reason, the overall efficiency score is obtained by the inverse of the LINDO software score.
With all the DMU evaluation results summarized in the Table 1 , it can be observed that no DMU has achieved the maximum efficiency because in this case the efficiency is given by the inefficiency of the considered DMU, when the maximum efficiency is obtained at some stage. As mentioned before, a unit is considerable efficient by the Network DEA models, when it is efficient at all stages. These values aim to create a DMU here evaluated ranking. Considering this, the model obtained a discriminatory result, in consequence of a non-fully efficient DMU.
For stage 1, the maximum efficiency was 100% and minimum of 84.55%. The model presented 5
DMU that have their best performance in stage 1: Soy 50ml, Soy 100ml, Canola 50ml, Sunflower 50ml and Corn 50ml. The first stage corresponds to the biodiesel production through the transesterification reaction. It is affirmable that first stage performance is related to the reaction conditions, i.e., the ratio between alcohol / oil, the type and quantity of catalyst, the reactions time and temperature, the rotations intensity and reagents quality (free fatty acid and triglyceride water content). The transesterification reaction is conducted under mechanical agitation. Such stirring is necessary to improve the mass transfer, which is hampered by the low oil / alcohol miscibility.
Besides the reaction conditions, the raw material quality is a fundamental parameter for the REGET -V. 22, e3, 2018, p.01-12 Analysis of efficiency of biodiesel production in a laboratory scale using a Network Data Envelopment Analisys -DEA methodology 9 reaction viability. High temperatures exposure and the moisture presence accelerates the triglycerides hydrolysis and the free fatty acids formation. Under the conditions presented at the first stage, the volumes of 50ml and 100ml have presented better efficiency.
The stages 2 and 3 are purification ones. The second stage is the washing step, where it is performed to neutralize the remaining catalyst and break any soap that may have been formed. It has presented 100% of maximum and 85.11% of minimum efficiency. The rinsing of crude biodiesel is related to the inefficiencies of this stage. This can also be verified in acidified water washings, that range from 81% to 98% of efficiency, with significant losses observed during the purification process. These results indicate that the basic catalyst reacted with the free fatty acids producing water-soluble soaps, which were removed in this drying step, decreasing furthermore the yield.
It is noteworthy that the sodium hydroxide / alcohol reaction leads to the water formation and, in the presence of the basic catalyst, may lead to some ester hydrolysis and consequently soap formation. This undesirable saponification reduces the ester yield and considerably hinders the glycerol recovery, due to the emulsion formation. Besides, the catalyst consumption reduces the reaction efficiency, resulting in purification difficulties, emulsions formation and yield losses.
Therefore, for base catalyzed transesterification, both oils or fats and alcohol must be water free (GERIS, 2007) .
After washing, the biodiesel goes through a drying step, where the biodiesel is heated, in order to remove moisture traces. The third stage has a maximum efficiency of 98.17% and a minimum of 91.61%. Overall, the DMU have well performed at this stage. The inefficiencies in stage 3 are consequences of inefficiencies in stage 2, because all the water or soap formed in the washing process will be eliminated during drying step.
Analyzing the DMU global stage with the lower volumes and larger volumes, there is a raising scale return for the four different oils. In other words, when the reagents volume increases, the biodiesel production and DMU efficiency also increase, according to Table 2 . (DMU 7), reaching 96.83% and the lowest performance was observed in the Sunflower oil with volume of 100mL (DMU 10) that achieves only 78.44%. It was observed at the first stage, the crude biodiesel production process, the greater variation among the DMU. The most efficient DMU at this stage was the Soy 100mL (DMU 2), which contradictory was one of the least efficient DMU at the global stage.
Considering the global scale, it was observed a raising scale factor, for all kinds of oil. When the input volumes (reagents) increase, the output (biodiesel) volume also increase and it is observed an efficiency improvement.
